terval = 1.80-23.08); DSST: hazard ratio = 10.94 (95% confidence interval = 3.07-38.97)]. Conclusions: In this community-based population, 6-year changes in cognitive scores were more strongly associated with risk of incident dementia hospitalization than baseline scores, although single DWRT and DSST scores were predictive. Our findings support the contention that cognitive changes may precede clinical dementia by a decade or more.
Introduction
Previous studies have examined the association between cognitive test scores measured at a single point in time and subsequent development of dementia [1] [2] [3] [4] [5] [6] [7] [8] . Most studies have focused on cognitive function in the elderly ( 6 65 years of age) [4] [5] [6] [7] [8] or have had short-term ( ! 10 years) follow-up for dementia [4] [5] [6] [7] . Few studies have examined an association between cognition measured in individuals ! 65 years of age and dementia later in life [1, 3, 9] or examined the association of change in cognitive test scores with risk of dementia [4, 8] .
Our objective was to characterize the relationship of cognitive function to future dementia risk in the community-based Atherosclerosis Risk in Communities (ARIC) Study cohort. We examined the associations between cognitive function assessed at two time points (mean ages of 57 and 63 years) and the 6-year change in cognitive function with subsequent risk of dementia hospitalization. We also compared the associated short-term versus long-term risk of dementia.
Materials and Methods

Study Population
The ARIC Study is an ongoing community-based prospective cohort designed to study the etiology, natural history and consequences of atherosclerosis [10] . The study includes 15,792 middleaged adults from 4 US communities. There were 5 in-person visits; the first visit occurred in 1987-1989, followed by 3 subsequent visits occurring approximately 3 years apart, and a fifth visit which is currently under way. Cognitive functioning was assessed at 2 time points: visit 2 (1990-1992) and visit 4 (1996-1998) . Of the 11,449 participants who attended both visits 2 and 4, we further excluded those who were missing covariates of interest (n = 973), who self-identified as other than white or black race (n = 28), who had a history of stroke prior to visit 4 (n = 845), who had incomplete cognitive test data at visits 2 or 4 (n = 198), or who were hospitalized with dementia prior to visit 4 (n = 6), leaving 9,399 participants included in the final sample.
Measures of Cognitive Function
Three neuropsychological tests were used: the Delayed Word Recall Test (DWRT), the Digit Symbol Substitution Test (DSST), and the Word Fluency Test (WFT) [11] [12] [13] . These tests have been described in detail elsewhere [2, 14] .
Incident Dementia Hospitalization
The ARIC Study obtains hospitalization information from annual telephone contact with study participants and through active surveillance of all hospitalizations in the study communities. Follow-up was available up until December 31, 2008. We defined time to first hospitalization with an ICD-9 code for dementia using the following ICD-9 codes (listed anywhere in the hospital discharge record): Alzheimer's disease (331.0), vascular dementia (290. 4) [2] . We have previously reported age-and race-specific rates of hospitalization with dementia [2] .
Covariates
All covariates used in the regression models were assessed at visit 2 and visit 4, except education, which was assessed at visit 1. Covariates included: age (years), gender, race/center (Maryland whites; Minnesota whites; North Carolina whites; North Carolina blacks; Mississippi blacks), education ( ! high school; high school or equivalent; college or professional), income (USD ! 35,000/year; USD 6 35,000/year; unknown), diabetes (self-report, medication use, or fasting blood glucose 6 126 mg/dl), body mass index, cigarette smoking (current; former; never), alcohol consumption (current; former; never), total and high-density lipoprotein cholesterol (mg/dl), hypertension (self-report, medication use, systolic blood pressure 6 140 mm Hg, or diastolic blood pressure 6 90 mm Hg) and APOE 4 genotype (0, 1, or 2 4 alleles).
Statistical Analysis ARIC visit 4 is the baseline for the present study, but we also used the cognitive test scores at visit 2 to examine the prior trajectory of cognitive function. Characteristics of the population at visit 4 are adjusted for age, gender, and race/center.
The visit 2 and visit 4 cognitive test scores of participants who developed dementia were stratified by the number of years (in 2.5-year intervals) prior to dementia hospitalization that the cognitive testing occurred. For each time interval, the adjusted mean [95% confidence interval (CI)] visit 2 and visit 4 cognitive test scores were calculated and plotted. We also calculated and plotted adjusted mean (95% CI) visit 2 and visit 4 cognitive test scores for noncases.
We divided visit 4 cognitive test scores into approximate tertiles and used the same score cutoff points to create three groups of visit 2 test scores. Since most participants had cognitive test scores in the nonimpaired range and the range of test scores was narrow, each tertile does not contain exactly the same number of participants. We divided follow-up time at 6.5 years after visit 4 to investigate longer-term risk of incident dementia. To compare short-term versus long-term risk of dementia, we compared the association with cognitive test score tertiles at visit 4 (short-term) and visit 2 (long-term). To assess the association with 6-year change in cognition (movement between tertiles from visit 2 to visit 4), we modeled each of the 9 categories (3 ! 3 matrix) of score tertile changes from visit 2 and visit 4. We estimated adjusted hazard ratios (HRs) and their 95% CIs for incident dementia hospitalization using Cox proportional hazards regression. We tested for interactions by gender and race/center. We repeated the analyses excluding individuals with low cognitive scores (lowest 5%) on each test at the first time point (visit 2) to assess the effect of removing scores that have restricted ability to show decline (n = 8,714) [2] . We also performed a sensitivity analysis to assess the relationship of incomplete data on the cognitive tests (n = 198) with incident dementia hospitalization.
All reported p values are two-sided and p ! 0.05 was considered statistically significant. Analyses were performed using Stata Version 11 [15] .
Results
Characteristics of the 9,399 study participants at visit 4 stratified by dementia case status are shown in table 1 . Overall, 249 hospitalizations with an ICD-9 code for dementia occurred during a median of 10.2 years of followup after visit 4. Of the 249 incident dementia hospitalizations, 67 (26.9%) were coded as Alzheimer's disease, 23 (9.2%) were coded as vascular dementia, whereas 159 (63.9%) were coded only as dementia without a specified etiology. Participants with incident dementia hospitalization were older at visit 4 (mean 68 years vs. 63 years) and more likely to be of black race (32 vs. 20%) than noncases. Even after demographic adjustment, they were more likely to have diabetes (27 vs. 17%, p ! 0.001) and hypertension (53 vs. 45%, p = 0.017). During follow-up (after visit 4), of the 9,150 noncases, 1,106 participants died and 640 were lost to follow-up or refused further contact. Participants who died during follow-up were older and had lower average cognitive test scores at both visit 2 and visit 4 compared to those who remained in the study (online suppl. table 1; for all online suppl. material, see www. karger.com/doi/10.1159/000342308). Participants who were lost to follow-up or refused further contact were younger than those who remained in the study; they also had slightly lower average cognitive scores than those with complete follow-up. Figure 1 shows the age-, gender-, and race/center-adjusted mean (95% CI) cognitive test scores at both visits 2 and 4 for the 249 dementia cases and the 9,150 noncases. On all cognitive tests, dementia cases tended to have lower scores at both visits 2 and 4 than noncases. Among noncases, there was a small, but significant, decline in score over the 6-year period between visits on the DSST (mean visit 2 score = 47.0, mean visit 4 score = 44.6), and small nonsignificant declines in the DWRT and WFT. Among dementia cases, scores on cognitive tests given ! 10 years before dementia hospitalization were lower than scores on tests given 6 10 years before dementia hospitalization. These patterns were more pronounced for the DWRT and the DSST than for the WFT.
There were 142 dementia hospitalizations that occurred 6 6.5 years after visit 4. The adjusted hazard ratios (HRs) (95% CIs) for dementia hospitalization occurring 6 6.5 years after visit 4 by tertile of cognitive test score at visits 2 and 4 and by category of change in tertile of cognitive test score from visit 2 to visit 4 are shown in table 2 (DWRT), table 3 (DSST), and online supplementary table 2 (WFT). As seen in the margins of each table, visit 4 scores were more strongly associated with incident dementia hospitalization than visit 2 scores. But visit 2 scores, despite being less proximate to the event, were also associated with DWRT and DSST. As shown in the interior cells of the tables, compared to those remaining in tertile 1 on the DWRT at both visits, either being in tertile 2 or 3 at both visits [diagonals: tertile 2, HR = 3.44 (95% CI = 1.21-9.79); tertile 3, HR = 7.53 (95% CI = 2.61-21.77)] or declining tertiles between visits [below the diagonals: change from tertile 1 to 2, HR = 3.36 (95% CI = 1.10-10.27); change from tertile 1 to 3, HR = 6.45 (95% CI = 1.80-23.08); change from tertile 2 to 3, HR = 5.39 (95% CI = 1.85-15.67)] were significantly associated with incident dementia hospitalization. Improving tertiles between visits (above the diagonals) tended to be associated with incident dementia hospitalization, but these results were largely nonsignificant. Similar significant patterns were seen on the DSST ( table 3 ) and the WFT (online Additional data represent number of events/number of participants in each group. * p < 0.05. a Model is adjusted for age (years), gender, race/center (Maryland whites; Minnesota whites; North Carolina whites; North Carolina blacks; Mississippi blacks), education (<high school; high school or equivalent; college or professional), income (USD <35,000/year; USD ≥35,000/year; unknown), diabetes, body mass index, cigarette smoking (current; former; never), alcohol consumption (current; former; never), total cholesterol (mg/dl), HDL cholesterol (mg/dl), hypertension, and APOE 4 genotype (0, 1, or 2 4 alleles).
suppl. table 2), but associations for WFT were not statistically significant.
In our sensitivity analyses excluding individuals with low cognitive scores (lowest 5%) on each test at visit 2, there were 122 dementia hospitalizations that occurred 6 6.5 years after visit 4. On all tests, in the interior cells of the tables (change in score from visit 2 to 4), the HRs tended to be stronger compared to the main analysis, and the HRs in the margins of the table (visits 2 and 4 separately) were not appreciably altered. In sensitivity analyses, having incomplete cognitive test data was not significantly associated with incident dementia hospitalization [HR = 1.38 (95% CI = 0.58-3.27)], but our power to detect an association was low due to the small numbers (n = 198) of eligible participants with incomplete cognitive testing data.
Discussion
In this community-based population, cognitive scores at mean ages 57 and 63 years, and 6-year change in cognitive scores were associated with long-term risk of dementia hospitalization. In particular, large 6-year declines in scores on the DWRT and DSST were associated with risk for dementia hospitalization occurring 6 6.5 years later.
Although our dementia definition based on hospital discharge codes likely underestimates the true prevalence of dementia, our findings support evidence that impairment on cognitive tests starts long before dementia onset.
Although there are many presentations of dementia, dysfunction in memory is very common [16] . In our study, the DWRT, which is a test of recent memory, was most strongly associated with overall dementia risk. The DSST, which is a test of executive function and processing speed, was also strongly associated with dementia risk in our study population, consistent with accumulating evidence that other tasks, in addition to memory tasks, are impaired in dementia [1, 4, 8, 17, 18] . In our population, performance on the WFT, a test of expressive language, was not associated with incident dementia hospitalization, which may be due to the younger age or other features unique to the ARIC cohort.
Our results are consistent with previous studies that have shown an association between cognitive test score(s) and short-term risk of dementia in mostly older adults [4] [5] [6] [7] and long-term risk of dementia in predominantly younger or middle-aged adults [1-3, 8, 9] . However, previous studies have been limited by a single assessment of cognitive function [1] [2] [3] , short length of follow-up [4] [5] [6] [7] , or study populations limited primarily to the elderly [1, [4] [5] [6] [7] [8] .
In our study, we compared two assessments of cognition, Additional data represent number of events/number of participants in each group. * p < 0.05. a Model is adjusted for age (years), gender, race/center (Maryland whites; Minnesota whites; North Carolina whites; North Carolina blacks; Mississippi blacks), education (<high school; high school or equivalent; college or professional), income (USD <35,000/year; USD ≥35,000/year; unknown), diabetes, body mass index, cigarette smoking (current; former; never), alcohol consumption (current; former; never), total cholesterol (mg/dl), HDL cholesterol (mg/dl), hypertension, and APOE 4 genotype (0, 1, or 2 4 alleles).
occurring approximately 6 years apart, and change in cognition over this period in a community-based population.
Our analyses looking at the trajectory of scores for participants who develop dementia ( fig. 1 ) showed that lower cognitive test scores measured long before dementia hospitalization predict dementia risk [8] . We also found that the 6-year change in score may be more predictive of subsequent dementia hospitalization than a single assessment. An advantage to using change in cognitive test score over time for prediction is greater specificity, since change is likely to be less biased by cultural confounding factors and less affected by measurement error if the errors occurring over time are correlated [19, 20] . Thus, the strong relationship between the 6-year decline in score and incident dementia hospitalization suggests that changes in cognition are due to actual changes in brain functioning, not to residual confounding or measurement errors. However, we also observed a nonsignificant trend towards an association between 6-year improvement in score and incident dementia hospitalization. This may be a reflection of a small number of participants who performed better by chance or may reflect persons with true cognitive impairment with a variable course whereby cognitive function is better some days than others [21] .
Important limitations of our study include a cognitive test battery comprised of 3 tests and the use of ICD-9 hospitalization codes to define incident dementia. We did not have the information needed to determine if dementia was the primary reason for hospitalization. Dementia hospitalization may be a highly specific index of dementia in the community (aside from misdiagnosis of temporary conditions such as delirium), but it likely disproportionately identifies the most severe cases of dementia and cases occurring in individuals with multiple comorbidities. In a prior analysis of ARIC data [2] , age-specific incidence rates of dementia were also noted to be lower than in previous studies [22, 23] . Therefore, the use of dementia hospitalization as our outcome likely provides conservative estimates of the association between cognitive performance and dementia. Due to the small number of dementia cases (n = 249) in our population, we were not able to perform separate analyses stratified by dementia types (i.e., Alzheimer's disease vs. vascular dementia, etc.). Additionally, the distribution of dementia subtypes based on ICD codes is not consistent with what we would expect if the cases had been subjected to standardized diagnoses [24] ; in our study, only 27% of cases were attributed to Alzheimer's disease, while 64% of cases were attributed to dementia of other unspecified etiology. This reflects a limitation in the use of ICD-9 discharge codes. Strengths of this study include the large, community-based study population with long-term follow-up, two assessments of cognition 6 years apart, and comprehensive assessment of potential confounders.
Conclusion
Our results contribute to the evidence that a single measure of cognitive function and change in cognitive function over time are associated with long-term risk of dementia. Change in cognitive scores over time tended to be more associated with later dementia hospitalization than a single cognitive test score alone. Our findings highlight important implications for clinical practice and for the design of dementia prevention and treatment trials, including the need for repeated cognitive assessments over time and the importance of enrolling participants many years before the onset of clinical dementia, prior to the subtle cognitive function changes that precede dementia onset.
